Well-ordered Ag 2 S / Ag nanodot arrays with a density of Ͼ60 Gbit/ in. 2 have been fabricated by sputtering Ag on a silicon substrate using ultrathin porous anodic aluminum oxide membranes as shadow masks, followed by sulfurization treatment at room temperature. The morphology, microstructure, and electrical properties of the as-prepared nanodots were characterized by scanning electron microscopy, x-ray diffractometry, transmission electron microscopy, and conductive atomic force microscopy, respectively. Well-defined resistive switching behavior was observed in these nanodots, and the ON/OFF ratio was found to be higher than 10 2 . The Ag 2 S / Ag nanodot arrays hold substantial promise for use as ultrahigh density nonvolatile memory devices. © 2011 American Institute of Physics. ͓doi:10.1063/1.3595944͔
Different concepts including magnetoresistive memories, phase change memories, and resistive switching ͑RS͒ in a metal-insulator-metal ͑MIM͒ structure, have been developed so far. 4 Among others, RS memories, whose operation is primarily based on ion migrations that can result in reversible formation and breakage of a conductive filament in the sandwiched MIM structure, are particularly intriguing because they possess low production cost, offer reduced power consumption, and a switching rate as fast as semiconductor devices currently used, and in principle, can be made arbitrarily small. It has been demonstrated that in a Ir/ SiO 2 / Cu memory cell, the write current can be as low as 10 pA, showing a great promise for use as extremely low powerconsumption memories. 5 Recently, RS memories using GeSe as solid-state electrolyte were investigated as well, [6] [7] [8] and a large threshold voltage ͑Ͼ0.4 V͒, a high ON/OFF ratio ͑Ͼ10 2 ͒, good endurance, and excellent retention have been observed in a W / Ge 0.4 Se 0.6 / Cu/ Al system. 8 Besides, Pt/ Ag 2 S / Ag is also an interesting structure exhibiting welldefined RS behavior and has been widely studied in the past few years. [9] [10] [11] [12] For example, Aono and co-workers 9,10 have demonstrated basic logic gate operations and fabricated a 1 kbit nonvolatile memory chip based on Pt/ Ag 2 S / Ag. They also realized fully solid-state electrochemical three-terminal nonvolatile devices in which RS ͑i.e., the formation and breakage of the conductive filament͒ can be controlled by the gate electrode. 11 Very recently, they further clarified the rate-limiting processes determining the switching time in a Pt/ Ag 2 S / Ag system, thus providing a deeper understanding toward the switching mechanism. 12 Despite much recent progress, for future applications, an extended array of Ag 2 S / Ag resistive switches with smaller feature size as well as compatibility with conventional Si-based technology, would be more favorable, but has not been realized yet.
In this letter, we report on the fabrication of an extended array of Ag 2 S / Ag nanodots with a density of Ͼ60 Gbit/ in. 2 , which is accomplished by sputtering Ag onto a silicon substrate using an ultrathin porous anodic aluminum oxide ͑AAO͒ membrane as a shadow mask, followed by a roomtemperature sulfurization treatment. This results in the formation of a high density of Ag 2 S / Ag bilayer nanodots with a feature size of 45 nm. Furthermore, we demonstrate that these nanodots can be individually addressed by a conductive atomic force microscope ͑AFM͒ tip and show welldefined RS behavior.
The fabrication of ultrathin porous AAO membranes was described previously. 13 The membranes used have an average pore diameter of 40 nm and thickness of 120 nm, respectively. The silicon wafer ͑n-type, resistivity Ͻ5 m⍀ cm͒ was first washed in a diluted hydrofluoric acid ͑HF͒ solution to remove native oxide layer, and then soaked into a mixture of sulfuric acid and hydrogen peroxide ͑3:1 v/v͒ at 80°C for 1 h to promote adhesion of the sputtered Ag to the substrate. The Ag deposition was carried out with a sputter coater ͑Cressington 208HR, 30 nm͒ using the ultrathin membrane as a stencil, as shown in Fig. 1 . Afterwards, the AAO mask was removed by an adhesive tape, leaving behind a hexagonally arranged Ag nanodot array over a large area ͑ϳcm 2 ͒ on the substrate. For sulfurization treatment, 100 ml 0.01 M Na 2 S solution was poured into a container, and then ϳ5 ml concentrated HCl ͑37%, Aldrich͒ were added into the solution. The silicon substrate was held at a 2 cm vertical distance over the solution. Subsequently, the container was sealed with a cover so that the Ag nanodots were surrounded with an atmosphere of H 2 S. The sulfurization was performed at room-temperature overnight. For x-ray diffraction ͑XRD͒ examinations, a continuous Ag film with the same thickness as the nanodots ͑30 nm͒ was prepared, and its sulfurization treatment was conducted under the same condition as that for nanodots. To characterize the RS behavior, a platinized silicon wafer ͑Pt/Si, ϳ100 nm thick Pt͒ was used as the substrate.
The morphology and structure of the nanodot arrays were characterized by scanning electron microscopy ͑SEM, JEOL 6701F͒, XRD ͑Philips X'Pert MRD͒, and transmission electron microscopy ͑TEM, JEOL-1010͒. For TEM investigation, the nanodots were scratched off from the silicon substrate with a blade and then dispersed onto a carbon-coated copper grid. The electronic properties of individual nanodots were studied by an AFM ͑Park Systems XE-100͒ equipped with a conductive Pt-Ir tip ͑Nanosensors, ATEC-EFM͒ in air at room temperature. A Keithley 2400 sourcemeter was used to record the I-V characteristics. The voltage was applied to the conductive AFM tip and continuously swept from 0 V → 1 V→ 0 V→ −1 V → 0 V at a sweeping rate of 200 mV/s. To prevent failure, a compliance current of 100 nA was applied during the sweeping. Figure 2͑a͒ shows a representative SEM micrograph of the sputtered Ag nanodot array with a dot density of 10 10 / cm 2 ͑Ͼ60 Gbit/ in. 2 ͒. It is seen that these nanodots arrange hexagonally with an average interdot distance of 100 nm, and their diameter turns out to be 39 nm on average, as evidenced from the histogram in Fig. 2͑c͒ . This suggests that the nanodot array replicates the structural features of the AAO mask used with a high fidelity. Figure 2͑b͒ reveals the morphology of the nanodots after sulfurization. It is clear that the sulfurization gives rise to no discernable change in spatial arrangement of the nanodots, except that the average size of the nanodots increases by 6 nm, amounting to 45 nm, as illustrated in Fig. 2͑d͒ . It is also noted that some facets appear in a few nanodots, which may result from the growth of crystalline Ag 2 S layer on the polycrystalline Ag nanodots. Figure 3͑a͒ displays the XRD -2 patterns of a 30 nm Ag film sputtered on the Si substrate before and after sulfurization treatment, which was identical to that for nanodots. For reference, the XRD pattern of the silicon wafer is also included. The diffraction peaks centered at 38.01°, 44.13°, 64.37°, and 77.27°can be indexed as Ag ͑111͒, Ag ͑200͒, Ag ͑220͒, and Ag ͑311͒, respectively ͑JCPDF 04-0783͒. It is found that these peaks still remain in the sulfurized sample, although the intensity of some peaks is relatively weakened. Meanwhile, the diffraction peaks resulting from acanthite Ag 2 S ͑␣-Ag 2 S, JCPDF 89-3840͒ appear upon sulfurization, indicating that Ag has been partly converted into Ag 2 S. This result manifests that the sulfurization treatment has led to the formation of a Ag 2 S / Ag bilayer structure in the sputtered film. It is most likely that the nanodots also possess such a bilayer structure. In fact, the Ag 2 S / Ag bilayer structure of the nanodots was indeed confirmed by TEM investigation of dots transferred to a carbon-coated copper grid, as shown in Fig. 3͑b͒ . It is seen that almost all nanodots are Janus-like, with one side being Ag and the other being Ag 2 S. In most nanodots, the Ag 2 S / Ag interface appears sharp and can be clearly distinguished; whereas the interface is not well discernable in some nanodots. 
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from reversible reduction and oxidation of the metal cations at the negative and positive electrodes, 14 which has been confirmed by several high-resolution TEM studies. 8 A recent in situ TEM investigation revealed that for Ag 2 S-based RS devices, the filament actually consists of conducting argentite ͑␤-Ag 2 S͒ embedded with Ag clusters, 15 rather than the pure Ag as assumed previously.
14 From Fig. 4 , it is seen that the nanodot remains in OFF state when sweeping the voltage from 0 to 0.12 V. Proceeding with voltage-sweeping until 0.29 V leads to a gradual increase in current, implying that the conductive filament is starting to form. Afterwards, the current begins to increase sharply until it hits the compliance, indicating an ON state is achieved. It is found that the OFF-ON transition is sharper than that observed in Ag 2 S / Ag thin films and heterojunction nanowires, 14 manifesting that the nanodots have a faster switching speed. This could be associated with the very short pathway for Ag + migration in the nanodots. When sweeping back, an I-V curve with nonideal linearity is observed, suggesting that the formed conductive filament continues to grow or change at the ON state. Nevertheless, the ON/OFF ratio is still found to be as high as ϳ10 2 . At Ϫ0.09 V, the nanodot starts to switch from the ON state to the OFF state, thereby resetting the system. This RS behavior can be observed up to dozens of cycles. However, after multiple cycles, the I-V hysteresis disappeared, probably due to the degradation of the conductive filament caused by the cycling stress to the whole structure. Similar switching failure was also reported in other Ag 2 S-based resistive switches, and can be recovered either by keeping the system without any current input for a certain time or by applying a higher voltage. 14 The estimated retention time of the ON state for the present Ag 2 S / Ag nanodot switches is in the order of 10 h. 16 It is worth mentioning that the density of the Ag 2 S / Ag nanoswitches can be further improved up to approximately terabit per square inch if AAO masks with smaller pore diameter and interpore distance are used. 13 In addition, one can also embed these nanodots inside the silicon substrate by drilling holes with reactive ion etching through the AAO masks, 17 followed by Ag sputtering and subsequent sulfurization treatment, thus enabling the formation of embedded nonvolatile memory cells, which are fully compatible with current silicon-based microelectronics.
In summary, high-density hexagonally arranged Ag 2 S / Ag nanodot arrays were fabricated on Si substrates by sputtering Ag through AAO masks, followed by a simple sulfurization treatment, which enables the formation of a Ag 2 S / Ag bilayer structure. Well-defined RS behavior was explicitly observed in these nanodots. The method presented here is low-cost, easy to implement, and compatible with silicon-based microelectronics, thus has great potential for use in large scale fabrication of high-density nonvolatile memory devices.
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